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EXPERTMENTAT, INVESTIGATION OF JET IMPINGEMENT
ON SURFACES OF FINE PARTICLES IN
A VACUUM ENVIRONMENT

By Norman S. Land and Leonard V. Clark
Langley Research Center

SUMMARY

The erosion characteristics of a bed of fine particles under vacuum con-
ditions (10'4 torr) resulting from an impinging jet exhaust were investigated
for various particle sizes and jet heights above the dust surface. The inves-
tigation included measurements of the craters during erosion, measurements of
the visibility reductlion, and photographs of the erosion process.

The results of this investigation indicate that there exists a finite jet
height above which particles will not be eroded. This height, for given nozzle
conditions, varies with surface-particle size. In addition, the results indi-
cate that the magnitude of surface erosion also depends on_surface-particle
size; erosion is most rapid with the coarsest particles. These and other asso-
ciated test results are presented and compared with available theory.

INTRODUCTION

Although the gross structure of the visible lunar surface (such as craters
and peaks) is well known and directly observable, little is known of the fine
structure and no means are currently at hand for definitive remote observation.
The present limit of resolution for earth-based optical observation is about
1/8 mile (ref. 1). Recently, the optical resolution has been improved through
the pictures taken by Ranger VII to reveal objects on the order of 1 foot in
size. These pictures do not directly enable the measurement of the fine surface
roughness. However, electromagnetic (ref. 2) and thermal observations (refs. 2
and 3) of the lunar surface suggest that this surface is covered with a layer
of insulating material having a roughness between 10 and 300 microns. It is
hypothesized from these observations that the surface of the moon 1s either
covered, wholly or partially, by loosely packed dust (ref. 4) or consists of a
random cellular, vesicular structure (ref. 5). The validity of this hypothesis
will be tested in the future by the Surveyor project or by some type of pene-
trometer project. Because a deep, loosely packed layer of dust would seem to
offer extreme hazards to a manned lunar landing, such a surface has been assumed



in many theoretical and experimental studies of the landing dynamics of
touchdown.

An additional problem assoclated with landing on a layer of dust is its
behavior while being subjected to the impingement of a supersonic rocket blast,
such as the retrograde rocket to be used for LEM. Some theoretical studies
(refs. 6 to 10) have been made of the behavior of the dust under such conditions
and also some qualitative experimental work has been reported (refs. 11 to 14).
The most complete theoretical treatment of the problem is that given in refer-
ence 10 which predicts the time history of crater growth and changes in visibil-
ity. The experimental study reported hereln was made principally to gather
guantitative data to compare with the theory of reference 10.

Measurements were made of the time history of crater growth and the "near-
field" visibility with fine particles of various sizes. The experiments uti-
lized a single, supersonic, "cold-gas" nozzle mounted with the jet axis perpen-
dicular to the dust bed. The apparatus was installed and the tests were
conducted in the Langley 60-foot-diameter vacuum sphere at the Langley Research
Center. A qualitative description of the flow field as gained from the theory
and experiments is given in the section following the symbols.

An auxiliary study of the flow field of a supersonic Jet impinging onto a
smooth, flat plate was also made to determine the ambient pressure required for
reasonable simulation, and the results are given in appendix A.

Consideration has been given to the scaling of such experiments (appen-
dix B) but the results of these tests should not be regarded as simulating any

specific full-size system.

SYMBOLS
a speed of sound
c packing factor
Ce aerodynamic friction coefficient
a particle diameter
dn nozzle-exit diameter
dp diameter of normal shock bowl
g acceleration due to gravity
h height above undisturbed surface to nozzle exit
i tube current
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P

Pg

Do

Tn

constant, p = kT%

length
mass
Mach number

kTR

exponent, p

pressure

static pressure at Jet exit

surface pressure

total pressure in nozzle plenum chamber

ambient pressure in vacuum chamber

radial position
nozzle-exit radius
gas constant
Reynolds number
time

absolute temperature
velocity

voltage

depth below undisturbed surface

angle of repose

ratio of specific heats

lp
length scale, -—
M

viscosity; also symbol for micron (0.00lmm)

mass density of gas



Pg mass density of surface materilal

A normal shock standoff distance
z dimensional equivalence
Subscripts:

M model

F full size

QUALITATIVE DESCRIPTION OF THE FLOW FIELD

The exhaust flow field of a jet is depicted schematically in a plane sec-
tion taken through the jet axis in figure 1. Since the moon is believed to be
practically devoid of any atmosphere, the jet will operate in an "underexpanded"
condition; that is, the static pressure at the jet exit will greatly exceed any
ambient pressure. Under such conditions, the jet plumes out, or expands, at a
very large angle with respect to the jet axis. Most of the energy, however, is
confined to a narrow core as evidenced from the pressure data in reference 11.
Also under these high expansions no transverse or oblique shock waves are formed

in a free Jet.

Just above the surface, a bowl-shaped shock occurs which turns the flow
radially outward. Where the extended axis of the jet intersects the surface,
a stagnation condition exists. The static pressure along a radlal line on the
surface decreases rapidly from the stagnation pressure as radial distance from

the stagnation point increases. The flow Jjust above the surface boundary layer
is accelerating radially from

zero speed at the stagnation
point and reaches supersonic

speeds while continually
Diseribution of ree- | Nozzle Streemline near decreasing in density. At
stream dynamic pressure jet i
ot top of boundary e e some radial location a condi-

layer:

tion of maximum dynamic pres-
sure is reached. At this
location the maximum surface
shearing stress is likely to
occur. Thus, the dust may be
expected to erode initially
= in an annular ring as veri-
///// //1\_/7/7///////////////// rrI I fied EXI)Erimentally in refer-
Sonic line \s gnation point ences 11 and 135. With a low
nozzle height, the erosion
Boundary layer region should extend radially with
causing murface shear stress time both inward and outward
from the initial ring. The
dust ejected from the crater

Supersonic accelerating
Broding particles

Normal shock wave

Figure 1.~ Plane section of exhaust flow field of Jet.



will move upward and outward in a sheet which, near the surface, resembles an
inverted and truncated cone. The ejection velocities may be high and it is
theoretically possible for the eroded particles to reach lunar orbital condi-
tion. (See refs. 15 and 16.)

APPARATUS AND TEST PROCEDURE

Nozzle

An isentropic expansion nozzle with an exit diameter of 1 inch designed
for a Mach number of 3.36 operating with a gas having 7 = 1.4 (an expansion
ratio of 5.96) was used for the tests. This particular nozzle was dictated
from the scaling considerations given in appendix B. Air was supplied through
a solenoid-operated valve to the nozzle at measured stagnation pressures ranging
from 11.6 to 16.2 psia and temperatures ranging from 50° to 70° F. Nozzle
instrumentation consisted of pressure and temperature gages to provide a meas-
ure of nozzle-stagnation conditions and exit pressure.

In an effort to eliminate surface-erosion effects which could be attributed
to a starting transient, two techniques were employed whereby dust impingement
would result only from a fully established flow. In one technique, the Jjet
exhaust impinged upon a deflector plate located between the nozzle exit and the
test bed until nozzle flow had become established. This technique, however,
still presented an unrealistic starting transient, since the exhaust suddenly
impacted the surface after the deflector plate was moved aside which resulted
in high initial erosion and in associated visibility impairment. A second
technique was then employed wherein flow was started with the nozzle at a suf-
ficient height above the dust bed to eliminate surface erosion due to the
starting transient and then dropped and arrested at a desired height above the
surface by means of crushable honeycomb arresters. This latter technique is
more representative of the real case of the LEM retrograde rocket braking the
vehicle to a soft lunar landing.

Test-Bed Material

The majJority of the tests were conducted with particles of aluminum oxide
(alumina) in a form used commercislly as an abrasive. This material was
selected because 1t is relatively inert and is available in closely graded
sizes. Most of the particles are roughly spherical in form although many
elongated particles were encountered. One test was conducted on a bed of
pumice, which is a porous volcanic glass. The pumice particles appear fibrous
in structure with a large percentage of needlelike shapes., In addition, two
tests were made with different grades of clean foundry sand.

The appearance of the various particles used is illustrated in the photo-
micrographs of figure 2. The specific gravity of the materials (solid) was
measured by a standardized liquid displacement technique which is described in
reference 17. The following specific gravities were obtained: pumice, 2.20;




Aluminum oxide (dmean = 543) Sand (dmean = 268u)

HTNERY
A AT e

o 3

o8u/div.

b 08 /div. |
s
SRLL

Sand (4 . = 121u)

an

L-64-8392

Figure 2.- Photomicrographs of dust surfaces used for erosion studies.
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sand, 2.59; and aluminum oxide, 3.89. The particle size distributions were
primarily obtained by sieving methods. Sizes greater than 37y were obtained by
using ASTM standard sieves as described in reference 18. Some finer "micromesh"
sieves with nominal opening sizes of 5, 10, 15, 20, 25, and 30u were also used.
The sample sizes varied between 150 and 200 grams and were sieved for at least
9 minutes. These sieving procedures are in accordance with the recommendations
of reference 19 (pp. 51-52). The sieves were agitated on an automatic sieve
shaker which imparted three-dimensional motion. The vertical component had an
amplitude of 1/8 inch peak to peak and was operated at 600 cpm which resulted
in pesk accelerations of 0.64g. The finer grain-size materials (4 below 50u)
were also analyzed for their average grain size with an instrument which operates
on an air permeability principle (ref. 19, pp. 384-385). The two finest mate-
rials were also sized by a standardized microscope counting technique described
in reference 20. The results of the sizing measurements are given in figure 3.

Prior to each test the dust beds were prepared to a depth ranging from 3/8
to 6 inches, depending on the type of test. Deep dust beds (4 to 6 inches) were
used in the cratering tests. The thin layer was used to determine an incipient
erosion boundary as a function of surface-particle size. The materials were
placed within a circular form in beds that were 3 to 6 feet in diameter with no
deliberate packing and then screeded to provide a relatively smooth surface.

For the coarser sizes of particles, the screeded surface is believed to have
been smooth to the magnitude of the particle size. The beds composed of the two
finest sizes (4p and 1lp average) could not be screeded to a comparable smooth-
ness because the cohesive forces caused dragging or tearing of the surface.

Facllity

The tests were performed in the Langley 60-foot vacuum sphere which has
the volume and pumping capacity to permit & reasonable running time at high
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Figure 3.- Graln-size distributions of dust surfaces used
for erosion studies.




exit-to-ambient-pressure ratios. The sphere has an ultimate pressure capabil-
ity of 3 x 10-4 torr after approximately 8 hours of pumping which, following a
26-second test run with the l-inch-diameter nozzle would increase to approxi-
mately 1 X 10-2 torr. These ambient pressures are believed to be low enough to
compact the fine particles as shown in reference 21. The jet-exit-to-ambilent-
pressure ratios corresponding to these pressures would change from 4 x 10% to
1 x 10 for a nozzle chamber pressure of 13 psia. 1In view of the findings of
reference 21 and the preliminary supersonic impingement studies performed on a
flat plate (appendix A), it appeared that these pressure ratios permitted a
reasonable simulation of the pressure environment for investigating erosion on
a simulated lunar surface. Tnitial and final sphere pressures were determined
with an ion gage or a Mcleod gage. In order to prevent contamination of the
60-foot vacuum sphere pumping equipment by the abrasive dust, the facility was
fitted with covers that closed over the diffusion pump inlets; prior to a run,
the covers were remotely lowered into place.

MEASURING EQUIPMENT AND TECHNIQUES

Visibility Measurement

The visiblility measurements of the present tests were objJective in nature
as they consisted of recording the resulting attenustion of directed light
beams. Subjective visibility
measurements (as in ref. 1k),
were not within the scope of
this investigation as they
would depend on such factors

X-ray source

as contrast, familiarity, and m@t”“w«§> x’

size. In addition, the behav- e \i

ior of the dust was photograph- ol g%i

ically recorded; however, no e

attempt was made to correlate §<:§ Debris Cymmue _sEF.
the objective visibility meas- T =TT

urements with these films to '
obtain subjective visibility )
measurements. The visibility Protocell
measurement consisted of
recording the output of a
photocell which looked at a
collimated beam of light orig-
inating at the other end of the
desired visibility path. (See
fig. 4.) The light beam was
5/8 by 13/16 inch in cross
section. The beam was atten-
uated by the debris resulting
from surface erosion and the
photocell recorded this atten-
ugtion through the test. The
general setup is shown schemat- Figure 4.- Schematic of setup.
ically in figure L.

Typical exposed Time
film

~— Depth (optical
density)

Radial position



Visibility through the dust cloud was measured along a path parallel to
the surface of the dust bed and also along a path extending from a point Just
above the nozzle down to a point at the undisturbed surface. The horlzontal
visibility path was 3 inches above the bed and 3 inches offset from a bed diam-
eter (the nozzle was located at the center of the circular bed); however, for
tests to establish incipient erosion boundaries, this path was lowered to
1 inch. The angular visibility path originated from a point 17 inches above
the test bed and extended to the undisturbed surface at a depression angle of
approximately 23° from the horizontal. This angular sight path is believed to
be representative of that used by the pilots of vehicles descending vertically
during landing maneuvers.

In performing the visibility measurements, it was necessary to make pro-
visions to eliminate possible "blacking out" of the subject due to coating
and/or "sand blast" effects of the test-bed particles on the instrumentation.
Cogting of the lens and phototube surfaces was held to a minimum by Introducing
a fine jet of air which washed across these surfaces during a test. The "sand
blast" effect of the coarser particles was minimized by employing replaceable
cover-glasses over these surfaces.

Dust-Depth Measurement

Dust depth during the transient erosion process was measured by an X-ray
absorption technique. This technique is rather unusual and is given special
attention in appendix C.

The setup is shown in the sketch of figure 4. An X-ray machine (200 kilo-
volts, 5 milliamps maximum rating) was positioned above the dust bed at one
side of the nozzle. All the unwanted X-rays were essentially stopped by a
3/4~inch-steel plate which formed the bottom of the bed of dust. This plate
had a radially positioned slot 5/16 inch wide and 18 inches long, one end of
which was near the center line of the nozzle. Underneath this slot was a lead-
covered drum 12 inches in diameter, with its axis parallel to the slot, on which
a standard 14- by 17-inch sheet of X-ray film was placed. This drum rotated at
2 revolutions per minute. Thus, the time resolution was approximstely 0.2 sec-
ond. This lower assembly was enclosed in lead (except for the slot) to mini-
mize scatter effects. A point on an exposed film in this setup then had coor-
dinates of radial distance and time; the optical density at this point would
be a measure of the depth of dust above it. A sketch of a typical film record
of the evolution of a crater is included in the setup schematic in figure k.
This system then gives a time history of dust depth over a radial slice of &

crater.

The effects of X-ray tube current and voltage on film density for various
depths of 34u aluminum oxide are shown in figure 5. The nonlinear relation
between optical density and dust depth is apparent from the figure.

Photographic Coverage

Photographic coverage of the erosion process was accomplished through the
use of two high-speed motion-picture cameras and one sequence camera.

10
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Figure 5.- X-ray film sensitivity to X-ray tube operating parameters for dust
surfaces composed of 34y aluminum oxide particles.

RESULTS AND DISCUSSION

The results of experimental studies of the effects of a supersonlc jet
impinging onto surfaces of fine particles under a vacuum-pressure environment
are presented in figures 6 to 19. These figures include curves and photographs
vwhich describe the behavior of the dust surfaces under such conditions. The
jet-exit-to-ambient-pressure ratio for these studles was in the range from
4 x 10% to 1 x 103.

Inciplent Erosion Boundary

A particle lying on a surface exposed to a parallel airstream is acted
upon by two sets of forces: (1) the alr forces on the particle which tend to
move it downstream, and (2) the forces between the particle and the surface
which tend to restrain it. Since the airstream forces increase with stream
dynamic pressure and the particle-surface forces are independent of stream
velocity, there must be some minimum alrstream velocity required to overcome
the static restraining forces and move the particle. Thus, for a given nozzle
flow and particle size, it is reasonable to expect that there would be some

11



height of the nozzle above which the particle would not move since the dynamic
pressure decreases with height, that is, no erosion would occur.

There are two kinds of static restraining forces: (1) friction, and (2)
cohesion. The friction force varies as the particle weight (therefore, as the
volume for a constant mass density). The interparticle cohesive forces, about
which there is little information, arise from intermolecular attraction and
are believed to vary inversely with particle diameter. Large-particle
restralning forces will then be dominated by friction and small particle
restraining forces, by cohesion. Experience has indicated (ref. 21) that with
particles below approximately 15u, the cohesive forces become dominant. In the
large-particle (noncohesive) range, an increase in size results in an increase
in the minimum airstream dynamic pressure (or correspondingly, a decrease in
nozzle height) necessary to initiate erosion. In the small-particle (cohesive)
range, a decrease 1n particle size requires an increased minimum dynamic pres-
sure (or a corresponding reduction in nozzle height) to initiate erosion - this
is shown to be the case experimentally.

The results of tests made to define the erosion boundary of the nozzle
exhausting onto aluminim oxide particles are given in figure 6. The experi-
mental data confirm the existence of an incipient erosion boundary and that the
boundary shape is as conjectured. The boundary was difficult to determine
visually and the nozzle height at which erosion started was not always detect-
able by visual observation even with the ald of binoculars. The existence of
erosion was, however, detected by the visibility measuring system. The erosion
points in figure 6 represent less than 4-percent reduction in visibility along
a peth approximately 7 feet long and 1 inch above the surface of the bed.

One set of theoretical
boundaries 1s shown 1n fig-
ure 6 for comparison with
the experimental data. The
boundaries are based on the
assumption that the surface
is very rough (roughness on
the order of boundary-layer
thickness) and that the
aerodynamic shear stress

varies as CfpVe. The

rough-surface assumption
agrees closely with the

1000 —
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——Reference 10

n

Gravity cut-off
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Height of nozzle exit plane, h—
T
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Cohesive cut-off

10 100
Mean particle diameter, microns
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Figure 6.- Incipient erosion boundary for aluminum oxide
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particles.

experimental data. It is
indicated then that the
theory based on a rough-
surface condition should be
used even though the sur-
face is visualized as being
relatively smooth (as
though screeded).



Effect of Particle Size
on Erosion

When the nozzle height is
below that for incipient erosion,
the aerodynamic shear stress on
the surface is greater than the
maximum shear stress that the sur-
face can withstand. Momentum will
then be transferred from the air-
stream to the particles, setting
them into motion. There is a
definite amount of momentum avail-
able for erosion depending on the
nozzle height relative to the
inciplent erosion height, and all
this momentum will transfer to
particle momentum. As the parti-
cle size increases, the inertia
(volume) increases faster than the
aerodynamic propelling forces
(area). Since the larger parti-
cles accelerate more slowly than
small particles, and therefore
attain a smaller fraction of the
alrstream velocity in a given time
than do the smaller particles, a
larger mass of the larger parti-
cles must erode in a glven time in
order to sgbsorb the excess momen-
tum. For a given nozzle height,
as the slze of the particles
increases, the erosion will
increase until, of course, the
erosion boundary is reached in
which case erosion stops and all
airstream momentum is again
absorbed in surface shear stress
by the static restraining forces.

Crater profiles determined by
using the X-ray system are shown
in figures 7 to 12, with time as a
parameter, for several sizes and
types of dust and three nozzle
heights. In each of these figures
depth and radial position are non-
dimensionalized by using the nozzle
radius. The nozzle exit 1s also
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shown in each figure at the appropriate height and size.

Crater profiles

could not be determined at, or close to, the center because the nozzle and its

plernum chamber blocked the X-rays 1n this region.

In general, the crater profiles tend to support the qualitative descrip-
tion given earlier and the theoretical descriptions, in that there is a maximum
erosion some distance out from the center and a resulting central cone. The
loci of maximum surface aerodynamic shear stress, as given by the theoretical
treatments of references 6 to 8, are shown in figure 7 for comparison with the

experimental data.

The erosion-time curves obtained from these data (at a radial location
r/rn = h) are shown in figure 13. Some of the curves presented in figure 13

are not faired through zero erosion at zero
time mainly because of erosion due to flow
transient effects which occurred before the
defined zero time.

The crater profiles of figures 7 and 8 and
the erosion-time curves shown in figure 13(a)
11lustrate the effect of particle size on ero-
sion for a nozzle height of approximately
10 radii. Filgures 9 to 12 and the erosion-time
curves of figure 13(b) show the particle-size
effect for a nozzle height of 5 radii. The
decrease in erosion with a decrease in particle
size from 543 to 68p is evident. Althcugh this

particle-size range was covered with three mate-

rials (sand, pumice, and aluminum oxide), it is
believed that within the accuracy of these
tests the particle size was the important
variable.

The very low erosion rate for the lp par-
ticle size, as shown by the erosion-time curve
of figure 13(b), is believed to be evidence of
the interparticle attractive forces (cohesion)
which are large compared with gravity forces
for fine particles.

A comparison of figures 8 and 9 shows the
greatly increased eroslon rate as the nozzle
height is decreased. A decrease in nozzle
height from 10 to 5 radii increased the erosion
rate by a factor of approximately 10.

There is an apparent tendency for the
craters formed with the low nozzle height to
have a greater depth-to-dlameter ratio than the
craters formed with the higher nozzle height.
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This effect is seen by comparing the shapes of the profiles in figures 7 and 8
with those of figures 9 to 12.

Figure 14 shows experimental erosion rates determined along the theoretical
locus of maximum scrubbing action of reference 8 as a function of nozzle height
above the dust surface. The limited experimental data are compared with the
erosion rates computed by the theory of reference 10. Both the theory and the
experimental data are shown for the initial nozzle-to-surface relationship; on
this basis the theory overpredicts the rate of formation of the craters. How-
ever, as the surface erodes, the nozzle height would effectively increase.
Using a more realistic value of nozzle height would greatly improve the agree-

ment between theory (a function of h"5 2 and experiment.

Effect of Cohesive Force on Erosion

Figures 15 to 17 present sequential photographs of some of the test runs.
The dashed line in the +t = O photograph of these figures indicates the line
along which the crater profile was determined. These figures illustrate the
effect of interparticle cohesive force on erosion. Figure 15 presents time-
sequence photographs of the erosion of a surface with a mean particle diameter
of 543 at a nozzle height of 9.2 nozzle exit diameters. For the same nozzle
height figures 16 and 17 present time-sequence photographs of the erosion of
by and 1l particles, respectively. Figure 15 illustrates how the surfaces
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Figure 14%.- Variation of erosion rate with nozzle height
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t = 6 sec t = 8 sec After collapse
L-64-839k
Figure 15.- Sequence of photographs showing erosion of 543u aluminum oxide particles at
b 9.2
Tn

composed of the larger grains erode evenly, resulting in a crater which is
symmetrical about the surface stagnation point. Visible in figure 15 is the
central cone at the nozzle stagnation region that was discussed previously.

In addition, the walls of the crater may be at angles greater than the static
angle of repose of the material (being held there by the exhaust pressure
field) and an inward collapse of the crater occurs when the nozzle flow ceases.
Figures 16 and 17 show the retarding effect of interparticle cohesive force on
erosion. In figure 16 the craters exhibit symmetry about the nozzle center
line; however, the surface appears to erode from a finite number of points
instead of evenly as in figure 15. Erosion of this surface produces a pro-
nounced ray pattern. The crater profiles (fig. 7) shown pictorially in fig-
ure 15 would be representative of any radial section through the crater. This,
however, is not true for the case depicted in figure 16 because of the peculiar
erosion pattern. The X-ray path through the crater might go through a ray
crest or a ray trough and hence the magnitude of the crater profile might 4if-
fer. Figure 17 shows the behavior of a surface composed of still smaller par-
ticles (1u). The increase of interparticle cohesive force with the decrease
in particle size produces another characteristic type of crater. In this
instance the erosion appeared to start at a number of finite points around the
stagnation region as in figure 16, but the erosion was more pronounced at one
particular region. Erosion of this surface produced an asymmetric crater. For
the tests onto surfaces of 4u particles and 1y particles, the craters were
destroyed when the nozzle flow ceased, unlike the tests on the 5k3p-particle
surface where the sides of the crater merely slumped to the angle of repose.
An explanstion may be that some of the exhaust is forced into the surface in
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L-64-83%95
Figure 16.- Sequence of photographs showing erosion of Ly aluminum oxide particles at
h=
= 9.2.

1L-64-8396
Figure 17.- Sequence of photographs showing erosion of 1lp aluminum oxide particles at
h
— =9.2.
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the stagnation region, and when nozzle flow ceases, this air in the test bed
expands to the surrounding vacuum and in doing so disturbs the craters. The
larger particles would not be affected by this phenomena as the pores between
particles are large enough to permit the surface to "breathe" without disturbing
the crater.

Effect of Erosion on Visibility

Visibility profiles were obtalned for several erosion tests. These pro-
files consisted of the recorded time history of the attenuation of directed
light beams. Figure 18 presents one of these time histories of visibility for
the jet exhaust impinging onto d = 268y sand particles at a nozzle height
of 5rp. The mean level of visibility is shown; the actual data had a
+7-percent high-frequency variation. One-hundred-percent visibility denotes
that all the directed light beam is received by the photocell and O-percent
visibility denotes that none of the light is received. This particular profile
is shown because during the test the jet exhaust had eroded to the underlying
bedplate and the visibility record clearly indicated a subsequent increase in
the mean level of visibility. Also seen in the figure is a sharp reduction in
visibility at the start of the record as a result of the nozzle starting pro-
cedure (establishing flow and then moving a deflector plate aside to let the
exhaust impinge onto the surface).

A summary of some of these data is shown in figure 19 as a function of
surface-particle size for two nozzle heights. The experimental data represent
an average of the visibility level throughout the test runs prior to eroding
to the bedplate. The position of the directed light beam for the data 1s shown
in the sketches at the right of the figure. The dashed lines in the figure
simply tie the appropriate data together as the data are insufficient to show
the variation of visibility with surface-particle size. The lower line
(h/rn = 5) shows average visibility levels for a horizontally directed light
beam 3d, above the surface
and 3dp to one side of the 100 - {
nozzle. The middle line shows pe e s BT
data for a higher nozzle height 80
above the dust surface 4,
(h/rn = 9.2) where the light
beam path is again horizontal,
but in this instance only 1dp
above the surface. The top
line is for corresponding data
at h/ryp = 9.2 for the angu- 2
lar visibili.ty P&th looking — #7-percent high-frequency variation
from a point above the nozzle o s ! § 8 1 % TR
down to the undisturbed surface Tine, sec
at an angle of approximately . . .

250. The visibility level for Figure 18.- Mean visibility during erosion of
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Figure 19.~ Variation of average visibility with nozzle height and
surface-particle size.

is higher than the horizontal paths because the angular path looks through
only one sheet of crater debris.

CONCLUDING REMARKS

An experimental study has been made of the behavior of fine particles
when subjected to the impingement of a supersonic jet in a vacuum environment.
The tests were limited in extent and were made to gather data to compare with
an existing theory. The tests are not to be regarded as directly representa-
tive of any particular full-size configuration. The results of these tests
indicate the following conclusions:

1. There is a finite nozzle height above which particles will not be
eroded. This height, for given nozzle conditions, varies with the surface-
particle size. Theory based on rough surface or "dynamic" conditions is in
good agreement with this height boundary.

2. The craters that were formed evolved from an initial ring which expanded
radially both inward and outward with time. Prior to collapse the crater is
bowl shaped with sides which may exceed the angle of repose. When nozzle flow
ceases, the crater may collapse. Theory adequately predicts the rate of forma-
tion of the craters.

3. Within the range of the test variables, erosion was most repid with the

coarsest particles. However, there is a limit to the maximum size of particle
which will erode for s given set of nozzle conditions.

20



., Visibility reduction may be especially severe as a result of a sharp
nozzle thrust transient. Visibility Increases 1f bottom erosion ceases, that
is, when the bottom of a shallow dust layer 1s exposed.

5. The cohesion forces which exist between particles have an extremely
important effect on the behavior of fine particles. Very little information is
availsble on these interparticle forces.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., October 20, 196k.



APPENDIX A
FLOW IMPINGEMENT ON A FLAT SURFACE

Some tests were conducted to determine the ambient pressure required for
valid test results and to obtain both a qualitative and quantitative descrip-
tion of the nature of the flow field caused by a supersonic Jet impinging nor-
mally onto & smooth plate in a vacuum pressure environment. The tests included
photographic measurements of the jet boundary and the normal shock formed above
the plate at various exit-to-ambient-pressure ratios and measurements of static

pressures on the surface.

The basic apparatus, such as the nozzle, valve, and vacuum tank was that
which had been used for the tests of reference 1k. The vacuum tank had a vol-
ume of approximately 5000 ft3 and could be pumped down to a pressure of approxi-
mately 1 torr. The nozzle employed in these tests was designed to have an exit
Mach number of 5.0, with an exit diameter of 5/8 inch, and had a 15° half-cone
angle expansilon section. The nozzle was supplied with nitrogen from bottles
pressurized to approximately 2000 psig through a remotely controlled fast-
acting valve.

Nozzle stagnation pressure was measured at the entrance to the nozzle and
recorded on an oscillograph. Vacuum~tank pressure at the wall near the nozzle
was detected by a thermopile pickup and similarly recorded. Statlc pressures
on the plate were measured by miniature diaphragm variable-reluctance gages
connected by short lengths of tubing to 0.010-inch-diameter flush orifices in
the plate. These pressures were also recorded on the oscillograph. The ratios
of exit static pressure to ambient pressure were calculated by using the meas-
ured ambient pressure and the exit static pressure computed from the design
nozzle Mach number and the measured stagnation pressure.

Shadowgraphs of the flow field were obtained by photographing through a
pair of windows in opposite walls of the tank. A beam of light produced by a
commercial, 25-watt zirconium concentrated-arc point source at the focus of a
parabolic mirror entered the tank through one window and was adjusted to be
parallel to the surface of the plate. The beam emerged through the opposite
window and was photographed by a lensless aerial camera. The pressure records
and shadowgraphs were correlated by having the shutter of the camera electri-~
cally connected to the oscillograph.

Figure 20 presents shadowgraphs obtained with the nozzle at 6.7 exit radii
above the plate for various jet-exit-to-ambient-pressure ratios. The obligue
and normal shocks usually shown in the exhaust field of a free jet at low pres-
sure ratios (see ref. 22) do not appear here probably because of the insensi-
tivity of the shadowgraph system. The shock standoff distances above the plate
at the Jjet center line were measured from these and similar photographs and
are plotted in figure 21 as a fraction of the nozzle height as affected by
pressure retio and nozzle height. Shown for comparison are the predicted
center-line shock heights for an infinite pj/p°° by the theories of
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Figure 20.- Shadowgraphs of a M =5 jet exhausting onto a flat plate for — = 6.7

under a vacuum pressure environment.

references 6, 7, 8, and 13 which show that the ratio of A/h does not vary
with height. The experimental data show that the shock height decreases with
decreasing nozzle height and that the shock height for a given nozzle height
approaches a constant with increasing exit-to-ambient-pressure ratio. The
theories of references 6 and 8 are in fair agreement with the data, whereas

the theories of references 7 and 13 predict too great a shock standoff height.
Figure 21 also shows that the shock standoff distance for a given nozzle height
increases sharply as the pressure ratio of the jet approaches an optimum expan-
sion ratio (pj/p°° = l). Therefore, these data indicate the necessity of con-

ducting erosion tests, for example, at a high exit-to-ambient-pressure ratio.

The diameter of the bowl-shaped normal shock is shown as a function of
pressure ratio for several nozzle heights in figure 22. Within the range of
the data, the diameter increases as the nozzle-exit-to-ambient-pressure ratio
increases. This can also be seen in the shadowgraphs of figure 20. In addi-
tion, the shock diameter for a given nozzle height appears to approach a
constant value for increasing pressure ratio in a similar manner as the shock
heights presented in figure 21.
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Figure 23.- Shadowgraphs of a M =5 Jet exhausting ontoc a flat plate showing a comparison
of shock shape with theory.

The cross-sectional shape
of some of the shock waves is
shown in figure 23. Also pre-
sented are theoretical predic-
tions of the shape, as given in
references 6 and 8. Within the
range of these tests the theo-
retical shape given by refer-
ence 6 is in excellent agree-
ment, while that of reference 8
is in fair agreement.

Some of the surface static
pressures that were measured
are given in figure 24. Also
shown is the pressure variation
predicted in reference 8. The
agreement between theory and
experiment is good.
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Figure 24.- Surface pressure distribution on a
flat plate resulting from an impinging Jet
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APPENDIX B
SCALING CONSIDERATIONS

It is believed that if similarity between the model and the full-size
vehicle for three parts of the erosion problem is achieved, then the oversall
erosion behavior of the model will reproduce, to scale, the erosion behavior
of the prototype. These three parts are: (1) the jet-exhaust flow fileld,

(2) the aerodynamic shear stress on the surface, and (3) the static resistance
of the dust to movement.

It is believed, as in reference 10, that the hypersonic similarity param-
eter y(y - l)M2 should be the same for model and the full-size vehicle. In
addition, the pluming of a jet is governed by the jet-exit cone angle, and the
ratio of exit static pressure to ambient static pressure. The Jet-exit cone
angle is simply handled by geometric similarity, and for the jet tested, this
angle was zero in the belief that the angle for the full-size vehicle would be
zero also. The ratio of exit to ambient pressure for a full-size lunar vehicle
is unknown because the lunar amblent pressure 1s unknown, but is believed to
be very low. The model was tested in a large, low-pressure facility in order
to attain a high value of this pressure ratio and a convenient running time.
An exact reproduction of the exit-to~ambient-pressure ratio is believed to be
unnecessary in view of the tests reported in appendix A.

The aerodynamic shear stress on the surface depends on the type of flow
over the surface, which in turn depends on the surface roughness height as
compared with the aerodynamic boundary-layer thickness. In reference 10 it is
assumed that if the ratio of roughness height to boundary-layer thickness is
less than 0.1, laminar flow occurs; if the ratio is between 0.1 and 1.0, the
flow is turbulent; and if the ratio is greater than 1, a "dynamic" type of
flow occurs. It is believed unlikely that laminar flow will exist for any
low nozzle heights. If turbulent flow exists, the surface shear is propor-

tional to pNﬁi/G. If the "dynamic" condition exists, the surface shear is
of the magnitude of the free-=stream dynamic pressure and is proportional to

The static resistance of the dust to movement is composed of two parts:
(1) the static friction which is expressed as ogdc tan o, and (2) the cohe-
sion attraction between particles. Two assumptions are made regarding the
static friction: (1) the packing factor c¢ is the same for model and the full-
size vehicle, and (2) the angle of repose a 1s the same for model and the
full-size vehicle. In this scaling analysis the cohesion forces have been
neglected. Little data are avallable on the magnitude of interparticle cohe-
sion forces on the earth's surface, and none 1s available on cohesion forces
under conditions believed to prevail on the lunar surface.

The erosion of the dust takes place because of a momentum transfer from
the gas stream to the dust particles. Therefore, the ratio of mass density of
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the gas to the mass density of the dust should be the same for model and full-
size vehicle. This is analogous to the mass ratio scaling used in airplane
flutter and stability studies.
The conditions for similarity are then believed to be:

Hypersonic flow similarity parameter -
Lo - ¥, = [ - o2l (1)

Ratio of particle static friction per unit area to aserodynamic shear
stress (turbulent flow) -

P84 P84
s\ (8" _ (2a)
1\I.-1/6 N-1/6
PRe FRe /y
Same ratio as equation (2a) but for a very rough surface -
p-84 po8d
SV2 = 5] S (gb)
Pe" /p  \Pg" /y

Retio of mass density of gas to mass density of surface material -

g\ _ (P&
(p_s.)F B (pS>M (3)

The scale ratios for length, mass, and time can be determined from equa-
tions (1), (2a), and (3) for turbulent flow and equations (1), (2b), and (3)

2 2
for very rough surface flow. In equation (1), let Mo = (K> - il[fl_, In

a 7RT
ngZ
equation (2a), let NRe = T In this equation use the relations: V = 1/t,
2
P, = p/RT, and p = kT". Then Nge & ——21———. Also to avoid a geometrically
g 1l+n
kRT™ 7%
distorted model, 4 = 1.
Length Scale

The length scale as determined from the turbulent flow (egs. (1) and
(2a)) is :
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Ps, F &r m-1 Ry

lr _ [Ps,M /7 8M 6/ P -1 H/ Ry L/Lk TFO.5+nF
v e ( ) ( ) = (

1/7

&)

Pm

The length scale as determined from the rough surface, or dynamic condition

(eqs. (1) and (2b)) is:

R S TR )

A= — =

l 6 Bl Ps,

F & PM

The following values of the various quantities are believed to be repre-
sentative of the full-size and the experimental study reported herein:

Parameter Model Full size
M L ] L] * L] L] L] L] * [ ] e e L] L] L] [ ] L] L] L] L] L] L] 3‘56 405
Y o o e e e s et s s e e e e e e e e e 1.4 1.25
R, ft2/se02—oR [ 3 [ 3 ] * L] L] L[] L * * L L - . 1'716 2115
k, lb_sec/f-tg_ORn * L] * . L ] L) . L] L] L] L] . 3."} x lo~9 206 x 10-9
n ® o L] . * L ] L] [ ] L] * L] L] L] L] L] . L] L ] L] L] 0076 0070
g ft/sec® . . . .. e e e 32.2 5.32
d, lb-sece/ftu &t e + o s e e s o s s s s of Te5 for alumi- 5.0 average of
num oxide estimates
D, Ib/in.?| . ... .o e .. 0.21 0.23
Exit
T, % L] . L] . L ] * L2 o L] L ] L] * L] L] . 163 1760
D, Ib/in?] L. e e e e e e 13 125
Stagnation
T, OR * - L] L L] L] L] L] . L] L] L] . * . . 530 6200

By using these values, the length scale
turbulent assumption; and A 1is 15.9 on the

Time Scale

A 1s 11 calculated from the
assumption of "dynamic" conditions.

The first similarity condition (eq. (1)) implied a time scale:

Eﬂ =

1/2
)

v - 1B Tp

Upon substitution of numerical values, the time scale on a turbulent basis is

1.9 and 2.7 for a rough surface condition.
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Mass Scale

Using equation (3) and the dimensional equivalence Pg OT P £ m/15 the
mass scale is:

T _PeF o3
g pg,M

or
mF _ pS,F )\3
™M ps,M

For the tests reported herein, it 1s of interest to see if the ratios of gas
mass density to material mass density are the same for model and full-size
vehicle. OSubstituting the numerical values, these ratios are:

1.8 x 10-6

F“

;

1.4 x 1072
ps,M

It is apparent that for the model, the gas was heavier relative to the particle
material than is the case for the assumed full-size vehicle. It is believed,
therefore, that the experimental erosion data presented here should not be used
directly to predict the behavior of the Apollo LEM vehicle.

Additional Comments on Scaling

It is believed that the rough-surface, or dynamlic, condition is likely to
prevail and model tests should be scaled by this scheme. Tt should be noted
that the ratio of the rough-surface aerodynamic shear stress to the statie

friction per unit area of the dust particles, ng%/bsgd, 1s also the product
of the mass ratio of gas to dust material, pg/ps, and a Froude number V%/gd,

which relates 1lnertia to gravity effects, If the Froude number were inde-
pendently alike for the model and the full-size vehlcle, some assurance that
the trajectory of the dust particles would be similar for the model and the
full-size vehicle could be given.

The Knudsen number which relates the mean-free-path length of gas mole-
cules to a body length has been neglected in this discussion. Referred to
mean-free-path lengths calculated for the tank pressures encountered during
these tests and average dust particle sizes, the Knudsen number ranged from
2 x 102 to 100.



APPENDIX C
X-RAY METHOD OF MEASURING DUST DEPTH

When planning these tests, it was decided that quantitative time histories
of dust erosion were a necessity. Two methods were selected for use. One was
a photographic technigue using stadia rods fastened to the bottom of the bed
which would be exposed as erosion proceeded. The other method employed an
X-ray absorption technique. Both were tried but only the latter proved suc-
cessful. Because the X-ray absorption system is rather unusual, it is herein
described in detail.

Actually, the first bench tests were made with gamma radiation emitted by
a radioactive element. Since the amount of gamma radiation (number of disinte-
grations) is a random function of time and since the time history of dust depth
was the objective, the method proved unsuitable. The radiation output from an
X-ray tube, however, is constant and in addition is safer since the radiation
source can be electrically deactivated. X-rays are frequently used qualita-
tively and sometimes quantitatively but seldom to obtain a quantitative time

relationship.

The X-ray dose recelved at some point within the field of the X-ray tube
without an absorber between target and reference point is described by the
equation (see ref. 23):

where Ig 1s dose received; k 1s a constant; 1 1is tube current; v 1is tube

voltage; t 1is time; s 1s distance from target to reference point; and
¢ ~ 2.5 (value depends on X-ray machine parameters).

When an absorber is placed between the tube target and the reference
point, the relation becomes

where I 1is dose received at reference point with absorber; Iy 1is dose

received at reference point with no absorber; p is X-ray linear absorption
coefficient; p 1is density of absorber material; and & is depth or thickness
of absorber. The quantity u/p is s nonlinear function of the material con-
tained in the absorber and the energy of the rays striking 1t. The general
nature of this function is shown in figure 25. (See ref. 23.) The result is
that the dose received at a point below a dust bed is:

.. C
T = kiv't e-upd/p

g2

50




I“w

Absorption coefficient,

Energy, MeV

Figure 25.- Varistion of X-ray
absorption coefficlent with
X-ray energy.
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Figure 26.- Typlcal X-ray film sensitivity.
(Replotted from ref. 2k.)

Thus, for a given setup, the dose is an exponential function of the dust-bed
thickness and a linear function of time.

Considerstion must also be given to the nature of the detector. Commer-
cial X-ray film seemed to be a good choice because 1t could be used to provide
a continuous depth survey rather than a point-by-point survey. The sensitivity
of the film to X-rays is also a nonlinear function as may be seen in figure 26,
X-ray film sensitivity may be increased by
the use of fluorescent intensifying screens which cause an additional optical
exposure or by lead screens which reradiate electrons and secondary X-rays and

which is taken from reference 2i.

attenuate scatter radiation.
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